Mon. Not. R. Astron. Soc. 000, 000-000 (0000) Printed 1 February 2008 (MN KTeX style file v2.2) 



i^-band Imaging of strong Ca ii-absorber host galaxies at ^ ^ 1 



Paul C. Hewett^*, and Vivienne Wild^ 



1. Institute of Astronomy, University of Cambridge, Cambridge CBS OHA, UK 

2. Max-Planck-Institut fiir Astrophysik, 85748 Garching, Germany 

o ■ 

O 1 February 2008 

■ ABSTRACT 



o 



> 

in 

m 



We present K-bwd imaging of fields around 30 strong Ca II absorption line systems, at 
0.7 < z < 1.1, three of which are confirmed Damped Lyman-a systems. A significant excess 
of galaxies is found within 6'.'0 (~50 kpc) from the absorber line-of-sight. The excess galaxies 
are preferentially luminous compared to the population of field galaxies. A model in which 
field galaxies possess a luminosity-dependent cross-section for Ca II absorption of the form 
(L/L*)"-^ reproduces the observations well. The luminosity-dependent cross-section for the 
Ca II absorbers appears to be significantly stronger than the established (L/L*)" '* depen- 
dence for Mg II absorbers. The associated galaxies lie at large physical distances from the 
Ca ll-absorbing gas; we find a mean impact parameter of 24 kpc {Hq — 70 km s^^ Mpc^^). 
Combined with the observed number density of Ca II absorbers the large physical separations 
result in an inferred filling factor of only ^10 per cent. The physical origin of the strong 
Ca II absorption remains unclear, possible explanations vary from very extended disks of the 
luminous galaxies to associated dwarf galaxy neighbours, remnants of outflows from the lu- 
minous galaxies, or tidal debris from cannibalism of smaller galaxies. 
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1 INTRODUCTION 

Quasar absorption line systems are caused by gas clouds lying 
along the line-of-sight between a background quasar and the ob- 
server. Visible through the absorption of the background quasar 
light the systems provide a unique view of the chemical compo- 
sition of the gaseous component of the Universe over an extended 
redshift range. The strongest of the absorption systems probe the 
densest gaseous regions associated with galaxies; possibly their en- 
veloping gaseous haloes, extended disks or gaseous outflows from 
winds. Some absorption systems are expected to probe the inter- 
stellar medium (ISM) of galaxies, allowing the study of the build 
up of metals and dust within galaxies out to redshifts comparable 
to those of the highest redshift quasars. However, the precise link 
between the absorption- and emission-selected galaxy population 
is currently unknown. 

A key step towards gaining a complete understanding of the 
nature of quasar absorption line systems is the compilation of a 
large sample in which the galaxies associated with the absorption 
have been identified. Such a sample would enable us to link absorp- 
tion properties with properties of the associated galaxies; luminos- 
ity, morphological type and impact parameter for example. A large 
sample is necessary to understand the effects of factors such as the 
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relative cross-section of different morphological types, metallicity 
gradients within disks, internal dust content and the effect of out- 
flows on the observed properties of absorption line systems. 

Arguably one of the most interesting class of absorption line 
system for studying galaxies and their immediate environments is 
damped Lyman-a (DLA) systems, the absorbers with the highest 
neutral hydrogen column densities. Unfortunately, at 2 < 1, where 
deep imaging allows the identification of galaxies several magni- 
tudes below L* , the Lyman-a line moves out of the observed frame 
optical range and therefore the sample size of known DLAs over 
more than half the age of the Universe is small. While their low 
metallicities have led to the suggestion that the host galaxies of 
DLAs may be low luminosity dwarf galaxies, the small numbers of 
images obtained thus far have not established any significant dif- 
ference bet ween the host galaxies of DLAs and the field galaxy 
popul ation jChen & Lanzettall2003l : IWolfe, Gawiser. & Prochaskal 
l2005h . 

Recently Iwild & Hewet3 ( l2005bl) showed that samples of the 
rare Ca II AA3935, 3968 quasar absorption line systems could be 
compiled out to cosmologically interesting redshifts, z ~ 1, from 
quasar spectra in the Sloan Digital Sky Survey (SDSS). Ca II is 
underabundant in the ISM of the Milky Way due to both its ion- 
isation level - most calcium in the ISM of galaxies is found as 
Ca III - and its affinity for dust grains. Strong Ca II absorbers at 
0.8 < Zahs ^ 1-3 cause significant reddening of the background 
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quasar light by d ust, unlike DLAs and Mg Il-selected absorp- 
tion line systems jMurohv & Lisk3l2004 IWild. Hewett. & Pettiiiil 
l2006l ; lYorketalJl2006l) . and an intriguing trend of increasing dust 
content with increasing Ca II res t-frame equiv alent width {W) is 
observed. Within the Milky Way, iHunter et alj (|2006) suggest that 
Ca II traces warm neutral gas clouds, thus strong Ca II lines at 
z ^ 1 may probe the inner disks of chemically evolved galax- 
ies. Alternatively, large Ca II abundances may arise when dust 
grains are destroyed, perhaps within shocks caused by major merg- 
ers CWang et al..,2005.) . The physics of dust is not well understood 
and destruction of a small fraction of the grains could lead to a 
large relative increase in gaseous Ca II , consistent with the ob- 
served presence of dust in the Ca II systems. A first step towards 
understanding the true nature of the Ca II systems is through imag- 
ing, which, for systems with redshifts below about unity, is well 
within the capabilities of 4m-class telescopes. 

Aside from the objective of understanding the origins of the 
unusually strong Ca II lines, Ca II absorbers are expected to con- 
tain large neutral hydrogen c olumns, with a significant n umber 
above the nominal DLA limit Wild. Hewett. & Pettinil2006h . With 
~400 strong Ca II absorbers in the SDSS Data Release 4 (DR4) 
quasar sample, comp ared to the ~ 40 known DLAs at z < 1.65 
( iRao, Tumshek. feNe stor 2006), they potentially represent an im- 
portant new method for the selection of galaxies by hydrogen cross 
section at low and intermediate redshifts where the Lyman-a line 
is currently observationally inaccessible. 

In this paper we present the results of if-band imaging of the 
fields around 30 Ca II absorbers with 0.7 < z < 1.2. The typical 
number density of if-band objects is well known and low enough 
for single band imaging to be effective given the expected small 
impact parameters between the absorbing galaxy and quasar. 

The sample selection is described in Section |2] and observa- 
tions and data reduction in Section [3] In Section |4] we compare 
our if-band number counts to previous surveys and discuss the im- 
pact of potential contamination from the targetting of quasar fields 
(quasar host and companion galaxies). Section |5] presents our re- 
sults for the luminosity, impact parameters and morphology of the 
Ca II absorber galaxies. In Section|6]we first discuss these results in 
comparison to strong Mg II absorbers and DLAs, then we consider 
the implications for the present day star formation rate derived in 
[wild, Hewett, & Pettini (2007). Finally, in Section [T] we discuss 
viable models for the true nature of Ca II absorption line systems. 

Optical apparent and absolute magnitudes taken from the 
SDSS catalogues are left in the AB-system, while the observed 
K-bwA magnitudes are given on the Vega system, as employed 
by 2MASS. Conversion between the systems can be achieved us- 
ing the relations i(AB) = i(Vega) + 0.37, iS'2MASs(AB) = 
^i'2MASS (Vega) + 1.86 and, similarly, for the Mauna Kea Observa- 
tory i C-band, iCMKo(AB) = JCMKo(Vega) + 1.90 ( iHewett et all 
l2006l with mv=+0.03 for Vega). We use a flat cosmology with 

= 0.7, = 0.3, Hq = 100/ikms"^ Mpc"^ and h = 0.7 
throughout the paper. 



2 SAMPLE SELECTION 

The absorber sample of 30 objects to be imaged was se- 
lec ted from the catalogue of 3 45 Ca II absorbers described 
in IWild. Hewett. & Pettinil ( |2007|) . The absorber redshift range 
0.8 < Zabs ^ 1-1 was chosen to probe the old stellar popu- 
lations associated with absorbers at a significant lookback-time. 
Three absorbers in the catalogue with A'^(H I) measurements from 



iRao. Tumshek. & Nestor! ( |2006|) were preferentially targeted, in- 
cluding two with 0.7 < Zabs < 0.8. To avoid complications re- 
sulting from the detection of galaxies associated with the back- 
ground quasar, targets with Zquasar ^ Zats + 0.2 were selected, 
with the majority of targets possessing differences of Az > 0.5. 
Otherwise, the make up of the imaging sample was determined by 
observing constraints, including accessibility of the fields from the 
United Kingdom Infra-Red Telescope (UKIRT) and the availabil- 
ity of a suitable guide star. The sample includes the full range of 
quasar brightness and Ca II equivalent width within the catalogue 
of 345 absorbers. 

To summarise, the 30 Ca II absorbers were selected according 
to the following criteria: 

• 0.8 < Zabs < 1.2, or, 0.7 < Zabs ^ 0.8 with N(H I) from 
jRao. Turnshek. & Nesto3l2006h 

• Zquasar ^ -^^abs ~i~ 0.2 

• 7''30'" < a < IS'^OO™ and -1° < 5 < 58° 

• Suitable guide star available 

In addition, a small sample of five 'control' quasars were im- 
aged. The quasars were selected from ( Schneider et al. 2005) to 
have Zquasar — 1.5, TTii ~ 18.0 and to possess no detected ab- 
sorption systems with Zabs < 1-2. Finally, a single 'blank field' 
was also imaged. Table 1 includes the observing log for the target 
and control sample, along with the positions and redshifts of the 
targets. 



3 OBSERVATIONS AND DATA REDUCTION 

The key aim of our observation and data reduction strategy was to 
obtain a well characterised point spread function (PSF) to allow 
accurate subtraction of the quasar image and recover candidate ab- 
sorber host galaxies as faint and close to the quasar as possible. 



3.1 Observations 

Imaging was undertaken on the 3.8m UKIRT using the Fast- 
Track Imager (UFTI) near-infared imager jRoche et al j|200 3') and 
a Mauna Kea Observatory A"-band filter, over the nights of 2006 
April 11 and 14-17 UT. The transparency on 2006 April 11 was 
variable, but otherwise transparency was good and conditions pho- 
tometric for a significant fraction of the observations. The median 
on-chip seeing was 0'.'62 full width at half maximum (FWHM), 
with a full range of 0'.' 40-0'.' 85 FWHM, which was well sampled 
by the UFTI image scale of O'.'OQl per pixel. The on-chip seeing 
generally improved over the first few hours of observation each 
night. 

An isolated /5r2MASS — 12.3 star was observed before and 
after each target to provide a reference PSF for use in the sub- 
sequent quasar-subtractions. The default observing sequence for 
a target consisted of a single 9-point dither of the PSF-star with 
5 s exposures, followed by a series of seven 9-point dithers for the 
target with 40 s exposures, finally, the single 9-point dither of the 
PSF-star was repeated. The dither offset distance employed was 
20"-22"for both PSF-star and target observations (the small vari- 
ation from step-to-step was designed to avoid the repeated use of 
identical columns on the detector). The sequence thus resulted in 
two 90 s exposures of the PSF-star and a single 2520 s exposure 
for the target. For a small number of targets, the number of 9-point 
dithers was varied in order to accommodate observing constraints. 
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Table 1. Journal of Observations 



Name Zabs Zquasar rrii^quasar 'm,K,quaaar Exposure Seeing P-K^ PSF^ Observing Date 

(s) (") (mag arcsec^^) UT 



SDSS J074804.()6+434138.5 


0.898 


1.836 


18.44 


16.7 


2520 


0.64 


21.1 


F 


2006-Apr- 


17 


SDSS J08()735.97+304743.8 


0.969 


1.255 


18.53 


16.4 


1800 


0.84 


20.9 


F 


2006-Apr- 


11 


SDSS J081930.35+480825.8 


0.903 


1.994 


17.64 


16.5 


2520 


0.64 


21.2 


L 


2006-Apr- 


16 


SDSS J083819.85+()73915.1 


1.133 


1.568 


18.46 


16.7 


2520 


0.62 


21.2 


F 


2006-Apr- 


15 


SDSS J085221. 25+563957.6 


0.844 


1.449 


18.58 


16.2 


2520 


0.56 


21.0 


F 


2006-Apr- 


16 


SDSS J085556.63+383232.7 


0.852 


2.065 


17.57 


15.5 


2520 


0.73 


21.2 


F 


2006-Apr- 


14 


SDSS J093738.04+562838.8 


0.978 


1.798 


18.49 


16.2 


2520 


0.69 


21.1 


F 


2006-Apr- 


14 


SDSS J095307.05+1 1 1 140.8 


0.980 


1.877 


18.79 


16.6 


2520 


0.75 


21.1 


L 


2006-Apr- 


15 


SDSS J095352.69+()80103.6 


1.023 


1.720 


17.40 


15.6 


2520 


0.66 


21.1 


F 


2006-Apr- 


14 


SDSS J100339.44+101936.8 


0.816 


1.844 


18.36 


16.7 


2520 


0.66 


21.1 


F 


2006-Apr- 


17 


SDSS J105930.50+120532.8 


1.050 


1.570 


18.84 


16.5 


2520 


0.53 


21.1 


L 


2006-Apr- 


15 


SDSS Jll()729.03+()04811.2 


0.740 


1.391 


17.10 


15.2 


2520 


0.47 


21.1 


F 


2006-Apr- 


16 


SDSS J113357.55+510844.9 


1.029 


1.576 


18.28 


16.7 


2520 


0.82 


21.2 


F 


2006-Apr- 


14 


SDSS J115523.97+480141.6 


1.114 


1.542 


18.82 


16.7 


2520 


0.51 


21.1 


L 


2006-Apr- 


16 


SDSS J120300.96+063440.8 


0.862 


2.182 


18.47 


15.6 


2520 


0.71 


21.2 


L 


2006-Apr- 


14 


SDSS J122144.62-001 141.8 


0.929 


1.750 


18.52 


16.9 


2520 


0.73 


21.1 


F 


2006-Apr- 


14 


SDSS J122756.35+425632.4 


1.045 


1.310 


17.17 


15.4 


2520 


0.56 


21.2 


F 


2006-Apr- 


15 


SDSS J124659.81+030307.6 


0.939 


1.178 


18.81 


16.6 


2520 


0.64 


21.2 


F 


2006-Apr- 


11 


SDSS J130841. 19+133130.5 


0.951 


1.954 


18.60 


16.6 


2520 


0.60 


21.2 


F 


2006-Apr- 


11 


SDSS J132323.78-002155.2 


0.716 


1.388 


17.61 


15.4 


2520 


0.64 


21.2 


L 


2006-Apr- 


17 


SDSS J132346.05-001819.8 


1.087 


1.842 


18.84 


16.4 


2520 


0.46 


21.1 


F 


2006-Apr- 


16 


SDSS J140444.19+551636.9 


1.070 


1.589 


18.46 


16.5 


2520 


0.62 


21.1 


F 


2006-Apr- 


14 


SDSS J145633.08+544831.6 


0.879 


1.518 


17.94 


16.3 


2520 


0.56 


21.1 


L 


2006-Apr- 


11 


SDSS J151247.48+573843.4 


1.044 


2.135 


18.69 


15.7 


2520 


0.62 


21.1 


L 


2006-Apr- 


11 


SDSS J153503.36+31 1832.4 


0.904 


1.510 


17.79 


15.8 


2520 


0.62 


21.1 


L 


2006-Apr- 


14 


SDSS J155529.40+493154.9 


0.893 


1.831 


17.64 


15.6 


2520 


0.51 


21.1 


L 


2006-Apr- 


14 


SDSS J160932.95+462613.3 


0.966 


2.361 


18.67 


16.6 


3240 


0.56 


21.2 


L 


2006-Apr- 


11 


SDSS J164350.94+253208.8 


0.885 


1.560 


17.70 


16.0 


2520 


0.47 


21.0 


F 


2006-Apr- 


17 


SDSS J172739.01+530229.2 


0.945 


1.442 


17.97 


16.1 


2520 


0.47 


21.0 


F 


2006-Apr- 


16 


SDSS J173559.95+573105.9 


0.872 


1.824 


18.18 


16.5 


2160 


0.51 


20.9 


F 


2006-Apr- 


17 


SDSS J093411. 14+000519.7 




1.534 


18.08 


16.5 


2520 


0.66 


21.0 


F 


2006-Apr- 


17 


SDSS Jl 14445.93+055053.8 




1.596 


18.02 


16.5 


2520 


0.69 


21.1 


L 


2006-Apr- 


17 


SDSS J142519.70+012043.2 




1.599 


18.09 


15.9 


2520 


0.42 


21.1 


F 


2006-Apr- 


16 


SDSS J150306.34+01 1345.8 




1.521 


18.09 


16.0 


2520 


0.53 


21.1 


F 


2006-Apr- 


17 


SDSS J160108.43+422937.5 




1.531 


18.05 


16.2 


2520 


0.51 


21.1 


F 


2006-Apr- 


17 


BLANK J132224.4-002155 










1360 


0.62 


20.9 




2006-Apr- 


16 



The surface brightness threshold used to define the galaxy catalogue in the X-band image (Section 3.4) 
^ The source of the PSF-template employed during subtraction of the quasar PSF. F: the template PSF was created from a bright star(s) within the frame; L: 
the template PSF was selected from a library of PSFs created from specially targetted stars or stars in other quasar frames. 

Table [T] presents the journal of observations and includes the ex- 
posure time (Col. 5) and on-chip seeing (Col. 6) obtained for each 
target. Appropriate dark frames were obtained for each PSF-target- 
PSF sequence. 



Photometric zero-points for the target images were obtained 
by adopting A'mko = Ji'2MASS for the PSF-stars and applying the 
zero-points so determined to the target frames. The two PSF-star 
derived zeropoints for each target were consistent to better than 
0.05 mag for all but the observations made on 2006 April 11. The 
zero-points for the first night indicated attenuation by cloud of 0.1- 
0.3 mag for several of the observations, but, conditions were chang- 
ing only slowly and the consistency between pre- and post-target 
PSF-observations was at worst 0.09 mag. The accuracy of the mag- 
nitude zero-points for the target observations are thus <0.05 mag. 

© 0000 RAS, MNRAS 000, 000-000 



3.2 Data reduction 

Data reduction techniques employed standard routines available in 
The frames were first dark-subtracted using the appropriate 
calibration frames. 

Flatfielding of each PSF-star and target dither was performed 
using a three-stage procedure. First, a crude flatfield was gener- 
ated using a l.TScr-clipped average of all the PSF-star and target 
frames taken on a given night. The resulting nightly flatfields were 
normalised and divided into the individual frames. The OBJMASKS 
routine was then used to exclude areas of the frames affected by 
astronomical objects and the generation of the nightly average flat- 
field repeated. Division of the individual frames by these improved 



IRAF is distributed by the National Optical Astronomy Observatories, 
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flatfields produced good results for both PSF-star and target frames, 
but low-level structure in the sky was still visible at the 1 per cent 
level. The final step in the flatfielding involved rerunning the OB- 
JMASKS routine on the flatfielded frames and then generating a 
2(T-clipped average of the 9 (63) frames in each PSF-star (target) 
sequence. Division of each frame by the resulting final flatfield re- 
duced the structure in the sky to < 0.3 per cent. 

The master PSF-star (target) image was generated from a 5a- 
clipped average of the 9 (63) frames, employing the appropriate 
XY-offsets for the dither pattern. A bad-pixel mask, derived from 
the dark frames and the variance of the nightly flatfield frames, was 
employed to exclude bad pixels from the averaging. The result- 
ing frames were both cosmetically clean and showed no detectable 
structure in the sky. The combined image was then clipped to retain 
just the central fully-exposed 536 x 536 pixel (49" x 49") region. 

3.3 Point spread function subtraction 

In order to identify faint galaxies with small projected separations 
from the quasars, subtraction of the quasar images was undertaken 
using the standard sequence of DAOPHOT routines (Stetson, 1987) 
in IRAF. A 21 pixel (l"9) radius aperture was used to define the 
PSFs and also for the quasar image subtractions. The PSF-star im- 
ages were analysed using the PSF routine to produce a library of 
template-PSFs. All the PSF-star images were best-fit by a Moffat 
profile, usually with /3 = 1.5, although the images obtained in the 
poorest seeing typically produced a best-fit with {3 = 2.5. 

The target frames were then inspected visually and addi- 
tional template-PSFs were constructed using the DAOPHOT rou- 
tines, where a single stellar image brighter than niquasar + 0.5 was 
present in the frame. The number of target frames for which two or 
more such suitable stars were present was small but in such cases a 
single template-PSF was constructed. Care was taken to ensure that 
none of the stellar images possessed peak counts taking them into 
the non-linear exposure-count regime of UFTI. 

The subtraction of the quasar images was undertaken using the 
SUBSTAR routine. As expected, the template-PSFs derived from a 
particular target frame produced the most satisfactory subtractions 
for the target quasar. Where such a template-PSF was not available, 
a suitable template-PSF was chosen from the full library based on 
the seeing, ellipticity and orientations of fainter stellar images in 
the target frame. Table[T] Col. 9 indicates whether the adopted PSF- 
subtraction employed a library (L) or target frame (F) PSF. 

The results of all the subtractions were examined visually and 
a series of tests carried out to verify the reliability of the quasar- 
image removal. In cases where a faint image was revealed by the 
subtraction, other stellar images (when present) in the target frame 
were also processed to ensure that similar 'images' were not re- 
vealed. Similarly, when low-level systematic residuals, usually of 
the 'butterfly' or 'clover-leaf type, were present, other stellar im- 
ages were processed to ascertain that the same form of residual per- 
sisted. In all cases, irrespective of whether faint images or residuals 
were apparent, a number of different PSF-templates were tested to 
check that the results of the image subtraction was not strongly de- 
pendent on the exact PSF-template used. Fig. 1 shows the pre- and 
best post-subtracted quasar images for the 30 Ca II quasars and the 
five control quasars. Each image pair shows a 15"0 x IS'.'O region 

2 see the subtracted images of J120300.96+063440.8 and 
J155529. 40+493154. 9 respectively, in Fig. 1 for clear examples of 
the residual morphologies 



centred on the quasar, with the pre-subtraction image presented on 
the right-hand side. A scale-bar is shown in the top right-hand panel 
of each page. 

The combination of the UFTI instrument, with its small 0'.'091 
pixels, and an observing strategy in which high signal-to-noise ra- 
tio target and PSF-star observations were obtained was designed to 
maximise the accuracy of the PSF characterisation. The resulting 
image subtractions were well-behaved with the form of the resid- 
uals showing consistent behaviour among multiple stars within the 
same frame, and as a function of the degree of similarity between 
the PSF-templates and the image profiles. However, the magnitude 
range of the quasars, 15.4 ^ K ^ 16.9, causes a significant vari- 
ation to exist in the magnitude of the faintest galaxies that may be 
detected reliably, as the PSF-subtraction is limited in accuracy by a 
constant percentage of the quasar flux. 

To determine the effectiveness of the PSF-subtraction a se- 
ries of simulations were undertaken using the ARTDATA package 
within IRAF. Synthetic galaxies, modelled pessimistically as pure 
exponential disks, were blurred to match the seeing using a Moffat 
profile. To match the appearance of galaxies in the images, these 
synthetic galaxies were constructed with intrinsic half-light radii of 
(/.'I to 0'.'25, corresponding to spatial half-light diameters of ~2- 
5 kpc, and a range of apparent magnitude 19.0 ^ ^ 20.0. The 
synthetic galaxies were then added to the actual frames of absorber 
and control quasars that were not found to possess close companion 
galaxies. Three quasar-galaxy separations of A9 = 0'.'0,0'.'5 and 
I'.'O were explored, using quasar images covering the full magni- 
tude range of quasars present in the sample. 

The results of the simulations were encouraging. At separa- 
tions A6' ^ I'.'O the galaxy images are visible in the pre-PSF- 
subtracted images for all but the brightest quasars, and all galax- 
ies as faint as if = 20.0 are recovered. Down to separations 
of /S.9 ^ 0"5 all galaxies with K — 19.5 are revealed via the 
PSF-subtraction. Fainter than K — 19.5, galaxies can be detected 
down to K = 20.0 only for the faintest third of the quasar images 
(K ^ 16.5). The recovery rate for essentially zero-separations, 

< 0'.'25, is poor. Galaxies with K > 19.5 cannot be recovered 
for any of the quasars and galaxies with 19.0 ^ K < 19.5 can 
only be recovered for quasars with K ^ 16.0. The rapid degreda- 
tion in the ability to recover faint galaxies at the very smallest sep- 
arations comes about primarily because of the presence of the char- 
acteristic 'butterfly' or 'clover-leaf residuals, which are caused by 
very small differences in the PSFs and potential confusion from the 
cores of quasar host galaxies. In summary, the PSF-subtraction is 
capable of recovering galaxies with percentage fluxes of the quasar 
of 1, 1.5 and 7 per cent at separations of A6' = I'.'O, 0'.'5, and O'.'O 
respectively. Notes regarding the results of the PSF-subtraction for 
a small number of quasars are included in Appendix |7] 

3.4 Object catalogue generation 

The high-resolution of the raw images, necessary for the im- 
age subtractions, was not optimal for the detection of faint 
low-surface brightness images within the target exposures. Im- 
age catalogues, including the detection of the target quasar or 
quasar-l-clos e_companion, were con structed by applying SEx- 
TRACTOR teertin & Amout j Il996h to the pre- and post-PSF- 
subtracted images, rebinned by a factor of two to produce 0'.'182 
pixels. A la threshold above the sky level, equivalent to a surface- 
brightness threshold fiK — 21.1 mag arcsec"^, was employed 
with a Gaussian detection kernel matched to the seeing of the tar- 
get frame. Cols. 6 and 7 of Table [T] list the seeing and surface- 
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Figure 1. Images of the 30 Ca ii -absorber quasars and the five control quasars. The left-hand panel in each pair shows the Jf-band image of the quasar field, 
while the right-hand panel shows the quasar field after subtraction of the quasar. Each images is 15'.' on a side. A scale-bar is shown in the image at top left on 
each page and the orientation of the images is indicated in the image at top right on each page. 
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Figure [T](continued) 
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brightness thresholds for each target frame. Visual inspection of 
the target frames confirmed the effectiveness of the SEXTRACTOR 
analysis and the resultant objects catalogues were not sensitive to 
small changes in the detection parameters. 

All the detected objects in the frames were inspected visually 
and a small number (~10) at the extreme edges of the frames, or 
resulting from a faint satellite trail in one target frame, were elim- 
inated. The number of objects detected in each target frame (typ- 
ically ~10) was too small for the morphological image classifica- 
tion provided by SEXTRACTOR to prove reliable. Consequently, 
all objects with K ^18.5 were classified visually. PSF-fitting was 
employed in the few cases where any doubt concerning the classi- 
fication arose. 

The SEXTRACTOR MAG_BEST parameter was used to provide 
the magnitude estimate for the detected objects. The magnitudes of 
the quasars were taken from the values provided by the DAOPHOT 
SUBSTAR routine. After applying the zero-points for each target 
frame (Section 13. Il l we detect K — 20.0 objects in all frames, 
with the catalogues from the longest exposures in the best see- 
ing containing objects as faint as K = 21.0. Magnitude errors 
are estimated from the detected electrons per object and an ad- 
ditional approximation, to take account of the uncertainty in the 
sky-background determination, calculated by shifting the sky-level 
under the total area of the image by 20 per cent of the la pixel-to- 
pixel fluctuations in the sky background. 

Table [2] presents the catalogue of nearest neighbour galaxies, 
including all galaxies within 6'.'0 of each quasar. Cols. 2, 3, and 4 
give the quasar-galaxy separations in arcseconds and Col. 5 gives 
the galaxy A'-band magnitude. The final column specifies whether 
the galaxy is the first-, second-, third- or fourth-nearest neighbour 
to the quasar. 



4 THE /^-BAND IMAGES OF THE ABSORBER 
SIGHT-LINES 

4.1 K-band number counts 

The total sky coverage of the 36 fields, each covering a 47'.'8 x 47'.'8 
region, excluding a I'.'O strip at the frame edges where the image 
catalogues will be incomplete, is 22.8 arcmin'^. Excluding a 6'.'0 ra- 
dius circle centred on each of the 35 quasars, which will be used in 
subsequent analysis of galaxies associated with the quasar absorber, 
reduces the area to 21.7arcmin^. The number of galaxies is rela- 
tively small but the number-counts (TableO are consistent with the 
results of the K20 s urvey and the compe ndium of /('-band imaging 
results presented bv lCimatti etall ( l2002h . The contribution of stars 
to the counts fainter than K = 18.5 at the high Gal actic latitudes 
of the fields is expected to be small (< 5 per cent) jCimatti et al.l 
I2OO2I) and all objects fainter than K = 18.5 are treated as 'galax- 
ies' in subsequent statistical analysis. The large number of widely- 
separated fields reduces the impact of large scale structure on the 
number-counts but, nonetheless, the Poisson errors associated with 
the observed numbers of galaxies underestimate the uncertainties 
given the clustering of galaxies. 

4.2 Galaxies at the quasar redshifts 

The selection of the absorber sample deliberately included a bias 
towards quasars with redshifts well above those of the absorbers. A 
small sample of quasars without known intervening absorption line 
systems was also imaged to provide an empirical control sample. 



Table 3. Integral number-magnit ude counts for the ' field' compared to the 
predictions from the K20 survey iCimatti et alj2002h . 



Magnitude 


Nobs 


Nk20 


K ^ 18.0 


28±5 


44±5 


K < 19.0 


96±10 


122±8 


K ^ 20.0 


221±15 


204±9 



The median redshift of the quasar sample is Zmedian=i--65 and only 
five quasars possess redshifts 2 < 1.4. 

There are three independent results which consistently indi- 
cate a low level of contamination of the number-magnitude counts 
by galaxies physically associated with the quasars themselves. 
Firstly, the spectroscopic results from the K20 survey show only 
9 per cent of t heir K ^ 20.0 sample to possess redshifts z > 1.5 
ICimatti et al] ( l2002h . Secondly, the small control sample of five 
quasars with z ~ 1.5 contains just a single galaxy detected within 
a radius of 6'.'0. Finally, the number of galaxies detected within 
6'.'0 of the absorber sample quasars as a function of quasar redshift 
also provides no evidence for significant contamination: 16 galax- 
ies were detected around the 15 quasars with z < Zmedian, with 14 
galaxies detected around the 15 quasars with z > Zmedian', and of 
the five quasars with z < 1.4, two have no detected galaxies. 



4.3 Quasar host galaxies 

The if-band magnitudes of host galaxies of quasars with 1 2 ^ 
2, which are not strong radio sources and possess absolute magni- 
tude s within the range covered by our sample, ar e typically ~ 19 
(e.g. lFalomo et alJl2004l ; lK^ilainen et al.ll2006l) . While no account 
of the radio properties of the quasars was taken when selecting the 
sample, only one of the quasars (SDSS J120300.96-I-063440.8 at 
2=2.182, with a ratio of radio to i-band optical fl ux Ri ~ 3.3) is a 
strong radio source (R, > l.O llvezic et al]l2002l) . 

Although the expected magnitudes of the quasar host galaxies 
lie above the magnitude limit of our object catalogues (K — 20.0), 
the size and surface brightness properties of the host galaxies ef- 
fectively preclude their detection via the techniques employed to 
identify potential absorber host galaxies. The quasar host galax- 
ies are physically large, with half-light radii typically exceed- 
ing I'.'O, and the surface brightnesses are low, not least because 
of the rapidly increasing impact of the (1 + z)^ cosmological 
dimming as Zguasa r exceeds unity. The AT-band observations of 
iFalomo et all [2004h and others involve exposure times equivalent 
to a factor ~4 larger than those presented here and peak surface 
brightnesses of the detected host galaxies are typically found to 
be fJ-K ^ 20 mag arcsec^^ for quasars that are not strong radio 
sources. 

The almost complete lack of extended, approximately sym- 
metric sources surrounding the quasar images is thus not surpris- 
ing given the much higher surface brightness thresholds, fiK — 
21.1 mag arcsec"^, to which our imaging reaches. It is certainly 
possible that a number of small, faint, K > 20.0, residuals centred 
on the PSF-subtracted quasar images could be the higher surface 
brightness cores of host galaxies but the presence of any such hosts 
does not result in contamination of the catalogue of K !^ 20.0 ob- 
jects that forms the basis for the statistical analysis of the absorber 
hosts. 
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Table 2. All companion galaxies within 6'.'0 from the absorber, or the nearest neighbour if no closer galaxies are seen. Col 2—4: 
angular offsets from the background quasar. Col 5: apparent magnitudes. Col 6: first, second, third or fourth nearest neighbour. 
Col 7-8: probability of being a field galaxy. Col 9: Absolute magnitude. 



Quasar Name 


ARA 

(") 


ADec 

(") 


AO 
(") 


K 


Neighbour 


PpicldCmi^ 


PField(Ae£ 




Absorber Quasars 


















J074804.06+434138.5 


2.7 


-1.2 


2.9 


19.26±0.21 


1 


0.040 


0.267 


-23.02 


J080735.97+304743.8 


-5.8 


-4.2 


7.2 


19.31±0.12 


1 








J081930.35+480825.8 


0.9 


-2.8 


2.9 


18.53±0.18 


1 


0.291 


0.267 


-23.76 


J0838 19.85+0739 15.1 


-4.9 


-1.3 


5.0 


18.40±0.14 


1 


0.323 


0.419 


-24.43 


J08522 1 .25+563957.6 


1.7 


-0.2 


1.7 


18.82±0.19 


1 


0.396 


0.133 


-23.31 


J085221. 25+563957.6 


2.4 


1.5 


2.8 


17.18±0.14 


2 


0.182 


0.267 


-24.94 


J085556.63+383232.7 


1.1 


-3.9 


4.0 


19.35±0.11 


1 


0.246 


0.480 


-22.80 


J093738.()4+562838.8 


-1.4 


1.9 


2.4 


16.80±0.11 


1 


0.389 


0.267 


-25.68 


J093738.()4+562838.8 


-3.8 


0.3 


3.8 


18.00±0.18 


2 


0.107 


0.467 


-24.48 


J093738.()4+562838.8 


-4.2 


-2.8 


5.0 


18.90±0.19 


3 


0.793 


0.419 


-23.58 


J093738.04+562838.8 


-1.9 


5.2 


5.6 


18.67±0.20 


4 


0.368 


0.419 


-23.81 


J095307.05+1 11 140.8 


-8.0 


-3.7 


8.8 


19.28±0.19 










J095352.69+080103.6 


-4.4 


5.1 


6.7 


18.19±0.16 










J100339.44+101936.8 


-5.0 


-1.1 


5.1 


19.52±0.18 




0.328 


0.419 


-22.53 


J105930.50+120532.8 


-1.6 


-4.1 


4.4 


19.39±0.14 




0.116 


0.480 


-23.25 


J105930.50+120532.8 


5.7 


-0.4 


5.7 


18.60±0.13 




0.221 


0.419 


-24.05 


Jl 10729.03+00481 1.2 


16.1 


6.3 


17.3 


18.98±0.19 










Jl 13357.55+5 10844.9 


1.6 


-0.3 


1.6 


18.06±0.12 




0.170 


0.133 


-24.53 


J115523.97+480141.6 


-1.6 


0.6 


1.7 


19.28±0.17 




0.219 


0.133 


-23.51 


J120300.96+063440.8 


0.9 


-2.9 


3.0 


18.16±0.14 




0.248 


0.267 


-24.02 


J120300.96+063440.8 


-3.7 


-3.0 


4.8 


19.26±0.14 




0.069 


0.480 


-22.92 


J122144.62-001141.8 


-2.3 


-9.0 


9.3 


19.28±0.14 










J122756.35+425632.4 


4.3 


1.8 


4.6 


19.95±0.18 




0.905 


0.480 


-22.69 


J122756.35+425632.4 


3.3 


-3.7 


4.9 


19.21±0.17 




0.839 


0.480 


-23.42 


J124659.81+030307.6 


0.8 


0.2 


0.8 


19.24±0.17 




0.110 


0.089 


-23.14 


J124659.8 1+030307.6 


-3.7 


4.1 


5.6 


17.96±0.15 




0.066 


0.419 


-24.42 


J130841. 19+133130.5 


0.5 


-0.0 


0.5 


18.30±0.14 




0.166 


0.089 


-24.11 


J132323.78-002155.2 


0.4 


1.0 


1.1 


17.26±0.13 




0.416 


0.133 


-24.48 


J132346.05-001819.8 


0.0 


-0.3 


0.3 


17.93±0.15 




0.507 


0.089 


-24.80 


J140444. 19+55 1636.9 


0.8 


7.0 


7.1 


19.46±0.18 




— 


— 


— 


J145633.08+54483 1 .6 


-2.6 


2.2 


3.4 


19.42±0.21 




0.319 


0.467 


-22.80 


J145633.08+54483 1 .6 


-4.7 


2.3 


5.2 


19.55±0.16 




0.223 


0.419 


-22.67 


J15 1247.48+573843.4 


-0.6 


1.5 


1.6 


19.61±0.27 


J 


1.000 


0.133 


-23.03 


J153503.36+31 1832.4 


-17.2 


-3.5 


17.6 


19.22±0.21 










J155529.40+493 154.9 


-18.0 


17.8 


25.3 


17.61±0.15 










J160932.95+462613.3 


-2.9 


-11.5 


11.8 


19.76±0.22 










J164350.94+253208.8 


-3.4 


0.4 


3.5 


19.96±0.23 




0.237 


0.467 


-22.28 


J172739.01+530229.2 


-3.3 


-1.8 


3.7 


19.38±0.19 




0.124 


0.467 


-23.02 


J173559.95+573105.9 


-1.0 


-0.6 


1.2 


18.28±0.15 




0.177 


0.133 


-23.93 


Control Quasars 


















J09341 1.14+000519.7 


-0.6 


-0.5 


0.8 


17.82±0.11 










Jl 14445.93+055053.8 


12.6 


0.0 


12.6 


19.76±0.15 










J1425 19.70+012043.2 


1.4 


9.7 


9.8 


18.77±0.17 










J1503O6.34+01 1345.8 


0.5 


7.3 


7.3 


18.76±0.18 










J160108.43+422937.5 


-8.6 


2.7 


9.0 


18.92±0.19 











Probability the galaxy is a field galaxy, given its apparent magnitude. 
^ Probability the galaxy is a field galaxy, given its projected distance from the absorber. 
Vega magnitudes, Hq = 100 km s~^Mpc~^ 



4.4 The companion galaxy catalogue 

The discussion in the preceding sub-sections indicate that the cen- 
sus of galaxies with K ^ 20.0 is essentially complete to within 
I'.'O of the quasar images. Fainter than K ~ 19.0, the census is 
substantially incomplete for galaxies with very small < 0'.'5 sepa- 
rations from the quasar. The corresponding spatial separations are 



small however, corresponding to scales <4kpc. The galaxy cata- 
logue is also expected to suffer from little contamination by quasar 
host galaxies or other galaxies at the quasar redshifts, based both on 
prior expectations from larger _ft'-band surveys and on the lack of 
any empirical evidence from the imaging observations themselves. 
The statistics of the sample of galaxies presented in Table |2] should 
thus provide direct constraints on any population of galaxies asso- 
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Figure 2. Left: Number of galaxies with K ^ 20 as a function of projected distance from the quasar, in bins of I'.'O. Right: Cumulative number of galaxies 
with ^ 20 (full line), K ^ 19 (dotted line). In both figures, the histograms are the observations and the continuous lines are the predictions assuming no 
excess of galaxies around the position of the absorber. 



elated with the Ca II absorbers that are bright enough to be included 
In the K ^ 20.0 sample. 

The effectiveness of an imaging survey for constraining the 
presence of associated galaxies depends on: 1) the number of tar- 
gets, 11) the surface density of unrelated galaxies and 111) the num- 
ber of associated galaxies per target. Figure [2] presents the number 
counts of galaxies detected In our survey, as a function of separa- 
tion from the absorber. On the right we show the observed number 
of galaxies within a given radius, divided by that predicted; the grey 
shading shows the associated Polssonlan errors for the magnitude 
limit of 20. For our observations, the angular scale on which such 
an excess population could be Identified with any significance is 
~5-7" and we chose a radius of 6'.'0 for the presentation of the as- 
sociated galaxy statistics. We have not attempted to maximise the 
significance of the excess by optimising the choice of magnitude 
limit and separation (e.g. quoting statistics for the excess at <3'.'0 
with a magnitude limit of K ^ 19.0). 

The existence of a galaxy overdenslty close to the quasars 
with Intervening Ca II absorbers is clear. Table |5] summarises the 
number-counts within 6'.'0 for the absorber and control quasars 
down to magnitude limits of K = 19.0 and 20.0. The predicted 
numbers of galaxies are calculated from the number counts of 
galaxies at AS > 6'.'0 from the target quasar In all target fields 
(Section [4. 11 ). The numerical excess of galaxies observed Is high, 
with observed:predlcted numbers of 30:9.6 and 16:4.2 for mag- 
nitude limits of K = 20.0 and 19.0 respectively. Figure [2] illus- 
trates the form of the observed excess as a function of separation. 
The quasars are widely separated on the sky and large-scale struc- 
ture Is not an Issue but the small-scale clustering of galaxies may 
be expected to enhance the apparent overdenslty. However, allow- 
ing only one galaxy within a 6'.'0 radius of each absorber quasar 
to contribute to our number count of observed galaxies, gives ob- 



served:predlcted numbers of 21 :9.6 and 12:4.2 for magnitude limits 
of K = 20.0 and 19.0 respectively. The significance of the excess 
at both magnitudes Is ~3(7. The statistics for the small control sam- 
ple of quasars are entirely consistent with the predictions from the 
field A'-band number counts. 



5 PROPERTIES OF THE ABSORBER-ASSOCIATED 
GALAXIES 

5.1 The galaxy luminosity function 

The form of the local K-banA gal axy luminosity functio n (GLF) 
Is now well-established (Table 4 of ' Kochanek et alj|200lh and we 
adopt the Schechter fit presented in this paper, with = —23.39 
(for Ho = 100 kms"^) and a = -1.09, as our fiducial reference 
when considering the absolute magnitude distribution of the galax- 
ies apparently associated with the Ca II absorbers. 

The K-banA observations probe the rest-frame wavelength re- 
gion ~10000A {z = 0.7) to ~13 000A (z = 1.2) where the 
galaxy light is dominated by K-glant stars. As a result, the K- 
corrections In the /('-band are largely Insensitive to the spectral 
type of the galaxies. Galaxies observed at Increasing redshift are 
expected to brighten, as their stellar populations become younger, 
and there Is broa d ag reement between the predictions of theoret- 
ical mo dels (e.g. IPozz ettl, Bruzual, & Zamoranl 1996) and obser- 
vations tororvetal.j2003. :,S aracco et al..2006,) . To characterise the 
evolution we adopt a simple pure luminosity evolution model for 
the GLF, with the characteristic absolute magnitude evolving as 
Mk{z ) = Mk{z = 0) - 0.532, as determined bv IProrv etal] 
( |2003|) . Our observations probe a magnitude range typically within 
±1.5 mag of M]^ and possible variations in the slope of the faint 
end slope of the GLF do not significantly affect our results. Cols. 
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Figure 3. The z = cumulative galaxy luminosity function (GLF) of galaxies within 6'.'0 from the absorber, assuming they lie at the redshift of the absorber 
(stepped histograms). Left: All galaxies are included, as observed. The dotted histogram accounts for the magnitude limit of the survey. Right: Two weighting 
schemes are applied to allow for interlopers, based on each galaxy's distance from the absorber (full histogram ) or each galaxy's apparent magnitude (dotted 
histogram). The smooth overplotted lines are the 2 = ii'-band luminosity function o f lKochaneketalJj200lh . In the right hand panel, the dashed line results 
from scaling this luminosity function by L'^'^, our best match to the Ca II -selected galaxies (see text). 



2 and 3 of Table |4] presents K-corrections as a function of redshift 
for galaxies of two spectral types. Absolute magnitudes before and 
after accounting for redshift evolution are given for objects with 
K = 18.0 and 20.0 in Cols. 4, 5, 7 and 8. Finally, luminosities 
relative to L* are provided in Cols. 6 and 9. The /('-band at z~l 
approximates the J-band at 2=0.0 and the K-corrections and lumi- 
nosity evolution are well-defined at the relatively long wavelengths 
probed by the A'-ban d observations. B eginning with the J-band lu- 
minosity function of lCole et alj (12001 ) and using the observed K- 
band GLF at 2~ 1 from Pozzetti et al. n2003h results in luminosities 
for the galaxies, relative to L*, that are essentially indistinguishable 
from those calculated above. 



A GLF for the galaxies nominally associated with the ab- 
sorbers can be constructed by calculating the absolute magnitude 
of each of the galaxies where an excess is observed, assuming 
they lie at the redshift of the absorber. After correcting for the ef- 
fects of redshift evolution as described above, a z=0.0 GLF is con- 
structed which may be compared with the local GLF derived by 
[Kochanek et al. (2001). There are two statistical corrections that 
must first be made before proceeding. 



Firstly, although the limiting absolute magnitude, correspond- 
ing to the K = 20.0 apparent magnitude limit, does not vary enor- 
mously over the absorber redshift range, a number of the fainter 
galaxies detected in the lower redshift absorber fields could not 
have been detected at the redshifts of all the observed fields. Each 
galaxy is therefore weighted by the factor AfDctcct/A^Ficid, where 
iVDctcct is the number of absorber fields in which a galaxy of given 



absolute magnitude is detectable and A^Picw ~ 30 is the total num- 
ber of fields we observ^fl 

Secondly, from the field number density (Section 14. Il l we 
expect 9.6 galaxies of the 30 galaxies detected within a 6'.'0 ra- 
dius of the background quasar not to be associated with the ab- 
sorber, and we would like to account for these as best we can. 
In what follows we designate Ppidd as the probability that the 
galaxy is not associated with the absorber; the average value is 
< fpicid >= 9.6/30 — 0.32. We can use our prior knowledge 
of the number-density and number-magnitude counts of the field 
galaxies to predict for each of our galaxies a more accurate prob- 
ability that it is an interloping field galaxy, and then weight the 
contribution of each galaxy to the GLF by individual 1 — Ppidd 
factors. While we could combine the priors into a single weighting 
scheme, we chose to adopt algorithms based on each prior sepa- 
rately, to ensure that the GLF is not sensitive to the precise scheme 
for the assignment of the probabilities. Combining the weighting 
schemes gave a consistent result. 

The first weighting scheme accounts for the fact that the ex- 
cess of galaxies around the target quasar is observed to be a func- 
tion of distance from the quasar. The individual 1 — Ppidd factors 
then take account of the increasing likelihood that a galaxy closer 
to the quasar is associated with an absorber than one further away. 
Galaxies in each annulus (A6'=0'.'0-l'.'0,l'.'0-2'.'0,...,5'.'0- -6'.'0) are 
assigned a value of: 



Ppiold ~ npicld/nobs 



(1) 



This correction is directly equivalent to the common Vm 

ax correction 

employed in calculating mean properties of galaxies in redshift surveys. 
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where npidd and nobs are the predicted and observed number 
of galaxies within the annulus respectively. The second scheme 
is based on our prior knowledge of the apparent magnitude dis- 
tribution of K-b&nA selected galaxies. Adopting the form of the 
K-bwA number counts from Cimatti et al. 1 2002) , magnitude lim- 
its of i£'=15.0 and 20.0, and ordering the galaxies, j=l,2,...,30, by 
increasing magnitude, K, galaxies are assigned a value of: 

-PFicid.i oc nFieid(15 ^ m < mi + 0.5(mi+i - rrii)) 

— nFicid(15 Km-i — 0.5(mi — mi-_i)) (2) 

where nFioid.i is the predicted number of galaxies with A'-band 
apparent magnitudes between the limits for galaxy i and the results 
are normalised such that < Ppieid >= 0.32. 

Figure [six shows the 2=0 cumulative GLF obtained without 
applying the weighting schemes: the continuous histogram uses 
the raw number counts; weighting galaxies by A^Dctcct /AipiGid re- 
sults in the dotted histogram i.e. a very small correction for the 
faintest obje cts. The overplot t ed lin es indicate the cumulative GLF 
obtained by iKochanek et alj j200lh . normalised appropriately for 
each histogram. Figure[3l) shows the cumulative GLF obtained after 
applying the two different weighting schemes: the continuous his- 
togram uses weights according to spatial distribution and the dot- 
ted histogram according to apparent magnitude. Clearly the shape 
of the GLF is independent of the weighting scheme adopted for the 
galaxies. Again, the predicted GLF is overplotted, normalised ap- 
propriately for each histogram. The dashed line will be discussed in 
Section |5.4.2| The lack of any particularly large vertical displace- 
ments in any of the histograms shows that the form of the cumula- 
tive GLF is not dominated by a small number of galaxies with large 
weights. 

There is a clear excess in the number of galaxies brighter than 
M^, reaching a factor ~ 2 at Mk ~ —23.5 and increasing to a 
factor of ~ 3 at Mk = -24.0. 



5.2 Galaxy morphologies 

Given the signal-to-noise ratio of the target imaging was set in or- 
der to achieve detections of A ~ 20 galaxies the quality of the 
images is not in general sufficient to provide much quantitative 
information on the morphologies of the galaxies. Visual inspec- 
tion of Fig. 1 and the SEXTRACTOR-ellipticities indicate the pres- 
ence of a proportion of elongated images, suggesting that at least 
some of the galaxies possess luminous disk components. There are 
certainly examples of high surface brightness galaxies with sub- 
stantial bulge components (e.g. SDSS J132323.78-002155.2, SDSS 
J173559. 95-1-573 105.9) and overall the K-hand images provide no 
strong evidence for a distribution of morphological properties that 
differ from those evident for the general population of '-^AI* galax- 
ies at 2:~1 in imaging surveys. 

A link bet ween Ca II ab sorbers and interacting systems has 
been suggested ( lBowenll99lh . Without redshifts to establish which 
of the galaxies among the seven absorbers with more than one 
galaxy within 6'.'0 are associated with the absorbers, it is difficult 
to perform a strong test for an excess of close pairs. 



5.3 The projected separation of the absorbers and the 
associated galaxies 

The angular separations of the centers of the galaxies from the ab- 
sorbers are given in Col. 4 of Table[2] By assuming each galaxy is 



at the associated absorber redshift and converting the angular sep- 
arations into kpc, we can calculate the typical impact parameters. 
Again, the galaxies are weighted using the two different weight- 
ing schemes discussed above. The median projected distance us- 
ing separation- and magnitude-based weighting is 22.7 kpc and 
25.3 kpc respectively, with the value for the weighting based on 
separation smaller as expected. However, the relatively small sys- 
tematic difference gives confidence in the results and we adopt a 
value of 24±2 kpc for the median projected separation between the 
Ca II absorbers and the associated galaxies. 

With chance projections constituting a third of the galaxy im- 
ages within 6'.'0 of the absorbers extracting quantitative informa- 
tion concerning the relationship between galaxy luminosity, impact 
parameter and absorber properties is not really viable. Inspection 
of the distribution of such parameters do not reveal any convinc- 
ing trends but definitive conclusions must await the acquisition of 
redshifts for the galaxies. 



5.4 The missing galaxies 

The statistical excess of galaxies about the Ca II absorber quasars 
establishes an association between the Ca II absorbers and the ob- 
served galaxies but for approximately a third of the absorbers no 
associated galaxy is seen. Potential explanations for the nature of 
the 'missing' galaxies fall into two categories. In the first, a resid- 
ual concern for all imaging surveys of quasar absorber fields, all 
the galaxies directly responsible for the absorbers are in fact faint 
dwarf or low surface brightness galaxies, and the bright galaxies 
we observe are simply neighbours associated through clustering. 
In the second category, the missing galaxies form part of the same 
galaxy population as those producing the statistical excess, but lim- 
itations imposed by the sensitivity of the observations result in the 
non-detections of the fainter or more-distant galaxies. We look at 
each option in turn. 



5.4.1 All absorber galaxies are undetected dwatf galaxies 

Could the galaxies directly associated with the absorbers all be faint 
(Mk ^ Mk + 1-5), likely possess small impact parameters, and 
thus remain undetected for all the absorbers? In such a model the 
observed excess of luminous galaxies within 6'.'0 arises from the 
strong spatial clustering of galaxies on <50kpc scales. An obvious 
example to illustrate this hypothesis is the Local Group, in which 
absorber sightlines passing through the Magellanic clouds would 
be associated from afar with the Milky Way or Andromeda. Indeed 
similar scenarios have often been invoked to explain the low metal- 
licities and dust contents of DLAs. 

Observationally, the determination of the clustering ampli- 
tude of dwarf galaxies close to '--^M* -galaxies is difficult and 
the constraints remain uncertain (e.g. L ake & Tremaind 1 1 9801 : 
Ivan den Bosch e t al. 2005; Chen et al. 200^. At 2; 1, local re- 
sults may not apply in anycase. Theoretically, Cold Dark Matter 
sim ulations continue to overpredict th e number of satellite galax- 
ies jPiemand. Moore, & Stadell |2004|) . but additional processes 
may be important in determining the frequency of satellites (e.g. 
iMoore et al.ll2006l) . 

We will return to this scenario in the discussion of the true 
nature of the Ca II absorbers, suggesting the type of observations 
required to definitively confirm it or otherwise. 
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Table 4. K-corrections and ab solute magnitudes (iJo = 100 km s ^) for iCMKO-band observations o l lColeman. Wu. & Weeding] h980l) E- and Scd-template 
galaxy spectra as extended bv lBolzonella. Miralles. & Pelldl feOOd ). The absolute magnitudes are calculated using the average of the E and Scd K-con'ections 
at each redshift. 



z 


E K-correction 


Scd K-correction 




K = 18.0 






K = 20.0 










Mk(2 = 0) 


Mk(z) 




MKiz = 0) 


Mk{z) 


Lk{z)/L*^(z) 


0.60 


-0.598 


-0.680 


-23.32 


-23.64 


0.93 


-21.32 


-zi.04 


0.1 J 


0.70 


-0.641 


-0.727 


-23.69 


-24.06 


1 '2 1 

1.31 


-21.69 


-22.06 


0.21 


0.80 


-0.678 


-0.771 


-24.00 


-24.42 


1 "7/1 

1 . /4 


-22.00 


-22.42 


0.2o 


0.90 


-0.707 


-0.810 


-24.28 


-24.76 


2.25 


-22.28 


-22.76 


0.36 


1.00 


-0.739 


-0.851 


-24.53 


-25.06 


2.83 


-22.53 


-23.06 


0.45 


1.10 


-0.757 


-0.884 


-24.76 


-25.34 


3.50 


-22.76 


-23.34 


0.55 


1.20 


-0.752 


-0.908 


-24.99 


-25.63 


4.33 


-22.99 


-23.63 


0.69 


1.30 


-0.736 


-0.923 


-25.20 


-25.89 


5.25 


-23.20 


-23.89 


0.83 


1.40 


-0.699 


-0.932 


-25.41 


-26.15 


6.37 


-23.41 


-24.15 


1.01 


1.50 


-0.669 


-0.944 


-25.61 


-26.41 


7.66 


-23.61 


-24.41 


1.21 


1.60 


-0.635 


-0.954 


-25.79 


-26.64 


9.04 


-23.79 


-24.64 


1.43 


1.70 


-0.603 


-0.962 


-25.97 


-26.87 


10.67 


-23.97 


-24.87 


1.69 


1.80 


-0.584 


-0.967 


-26.13 


-27.08 


12.36 


-24.13 


-25.08 


1.96 


1.90 


-0.564 


-0.971 


-26.28 


-27.29 


14.19 


-24.28 


-25.29 


2.25 


2.00 


-0.550 


-0.974 


-26.42 


-27.48 


16.14 


-24.42 


-25.48 


2.56 



5.4.2 Only a fraction of absorber galaxies remain undetected 

There are three options for hiding the remaining third of the galax- 
ies that are unobserved: (i) they lie at more than 6'.'0 from the ab- 
sorber; (ii) they are hidden by the PSF of the background quasar; 
or (iii) they are fainter than the survey limit. Here we discuss each 
scheme, to determine whether any option allows the unobserved 
galaxies to form part of the same galaxy population that we do ob- 
serve. 

(i) They are distant from the absorber. The finite size of our 
sample means that sensitivity to the presence of excess galaxies at 
separations beyond '^SOkpc is limited. However, the statistics of 
the galaxy surface density in the annulus 6'.'0-12'.'0 (~50-100kpc) 
surrounding the Ca II absorbers show no evidence for any excess 
(Table |5] Figure |2}, with observed:predicted numbers of 11:12.5 
{K ^ 19.0) and 28:28.8 {K ^ 20.0). Although a small number 
of galaxies may indeed fall outside of the 6'.'0 annulus, it is not 
possible to explain the majority of the missing galaxies in this way. 

(ii) They are hidden by the quasar PSF. As discussed in Sec- 
tion l3.3l the detectability of even relatively bright, /('~19.0, galax- 
ies declines rapidly at very small separations, A6 <0'.'25 and the 
possibility that a substantial fraction of the absorbers occur within 
impact parameters of <3 kpc of the centers of intermediate lumi- 
nosity galaxies cannot be ruled out directly. However, the distribu- 
tion of projected absorber-galaxy separations for ^ 0'.'5 shows 
no evidence for a rapid increase in the frequency of galaxies at 
very small impact parameters. A single population drawn from the 
same {/S.9,Mk) distribution as observed is thus ruled out, although 
a discontinuity in the distribution of absorber-galaxy separations is 
allowed by the observations. 

(iii) They are faint. Perhaps the missing galaxies possess a 
similar distribution of absorber-galaxy separations but have mag- 
nitudes fainter than the —AI^ + 1.5 limit of the i^-band images? 
Previous studies of the absorption c ross-sections of galaxies (e.g. 
ISteidel. Dickinson. & Perssonll 19941) . have found a luminosity de- 
pendence of the observed size of absorbing regions associated with 
galaxies of the form. 



/ T \ P 
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where cr* is the cross-section for an L* galaxy. Adopting such a lu- 
minosity dependent scaling for the Ca II absorbers, with /3 = 0.7, 
produces an excellent fit to the galaxy luminosity function for the 
galaxies brighter than the ~Af* + 1.5 limit of our observatio ns (Fig. 
[3l>. G iven the shallow slope, a = —1.09, of the Kochane k et al.l 
( 1200 If) GLF, combined with the strong bias towards luminous 
galaxies, the integrated cross-section of the galaxy population con- 
verges rapidly at faint magnitudes. Adopting a faint limit of Af * + 5 
for the integration results in a prediction that ~60 per cent of the 
absorber cross-section should result from galaxies brighter than 
our observational limit of M* + 1.5, in good agreement with the 
fraction of our 30 absorbers where we see such a galaxy. Given 
the power law luminosity-dependent scaling provides an effective 
and simple parameterisation of our results, we adopt the relation 
in order to make quantitative estimates of the filling-factor of the 
Ca II absorption and to compare the properties of the Ca II ab- 
sorbers with other classes of quasar absorption systems. 



6 DISCUSSION 

6.1 The Ca ii absorbers and their associated galaxies 

The K-h&nd imaging results of the Ca II systems provide new con- 
straints on the rela tionship between Ca II absorbe rs and their asso- 
ciated galaxies. In I Wild, Hewett. & Pettinil ( |2007|. Section 4.1) we 
used observations of DLAs, together with the relative number den- 
sities of DLAs and Ca II absorbers, to propose that Ca II absorp- 
tion can arise at projected radii of ~ 10 kpc from the centre of 
a galaxy. This simple calculation assumes a circular geometry for 
the absorbers and a unit filling factor (i.e. the gas is not patchy). 
Clearly, this model contrasts with the much larger value of 24 kpc 
derived from the i^-band imaging. Our imaging results reveal that 
the dominant contributor to the Ca II cross-section is not the inner 
part of more extended DLA absorbers, centred on relatively lumi- 
nous galaxies. Rather, the Ca II absorbers themselves trace much 
larger structures associated primarily with luminous galaxies where 
the filling factor is low. 

Taking the valu e of dP/dz — 0.025 from 
IWild, Hewett. & Pettinil j2007h for Ca II absorbers at 2;~1 
and integrating the luminosity-dependent absorber cross-section 
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Table 6. Absorber properties: re st-frame equivalent widths {W) of Ca II , Mg II , Mg I and Fe II absorption lines and errors. The final column gives neutral 
Hydrogen column densities from lRao. Tumshek. & NestoJ i200(j) . 



Name 


^abs 


VFa3935,3970 


en" 


H^A2796,2803 


err 


W'a2853 


err 




eiT 


N(HI) 


J(j74804. 06+4341 38.5 


0.898 


0.62,0.53 


0.23,0.16 


1.69,1.17 


0.12,0.08 


0.30 


0.13 


0.68 


0.16 




JUoU /jj.y /+3U4 /43.S 


0.969 


A A^ A 77 


A 1 A A 1/1 

0. 16,U. 14 


TCI o /I n 
Z.J 1,Z.4U 


A 1 1 A AO 

0. 1 j,u.uy 


17 1 

l.zl 


0.14 


7 1^ 

z.lj 


0.15 




JUo i VjU. Jj+'+oUoZj.o 




o fQ r\ 1A 


A 1 7 A A7 
U. IZ, U.U / 


1 AA 1 '^1 
1.00,1 .jj 


A AG A AS 
U.Uo,U.Uj 


1 AA 
l.UU 


A 1 A 
U. lU 


1 7Q 

i.jy 


A 1 A 
U. lU 




JUfS3oiy.oj+U / jyLJ.i 


LA J J 


n 7 1 1 1 ^ 
U. / 1, 1. 1 J 


A OA A /I 1 
U.ZO,U.41 


7 Al 7 An 
Z.Oj,Z.4Z 


A 1 7 A AQ 

u. 1 j,u.uy 


A A7 

U.6 / 


A 1 A 

U. Id 


1 7A 
1. /U 


A 1 S 
U. 1 J 




JUoJ ZZl .Zj+JOjyj / .0 




O /^A AQ 


A 77 A 1 G 
U.ZZ,U. 1 O 


7 70 1 A7 

j.zy,j.uz 


A 1 ft A 1 1 
U. 10,U. 1 1 


1 1 G 
1 . 1 o 


A 71 
U.Zj 


7 S7 
Z.jZ 


O 1 8 
U. lo 




JUoJ JJO.Oj+JojZjZ. / 


U.OJZ 


O /lA A A7 


A 1 T A A7 
U. 1 J, U.U / 


7 AG 7 S7 
Z.Oo,Z. J J 


A AQ A Aft 


70 
U. /U 


All 
U. 1 J 


7 1A 
Z. jU 


O 1 
U. lU 




JUVJ / jo.U^+jOZoJo.o 




1 9T A ^1 
1 .Zj,U.J J 


A 7fi AID 

u.zo,u.iy 


/I SG A 77 
4.oo,4.Z / 


A 7S A 7A 
U.Zj,U.ZU 


7 /17 
Z.4Z 


A 7 1 
U.jl 


7 S 1 

J.J 1 


O 70 
U. jU 




JUVJ jU / .Uj + 1 1 1 I'+U.O 







A "lA A 7S 
U. jU,U.ZJ 


7 QA 7 

Z. J4,Z. J J 


71 1 S 
U.Z 1 ,U. 1 J 


1 SA 
1 .o4 


U. JJ 


7 OS 
Z.UJ 


o '^9 

U. JZ 




juvj J jz.oy+vjouiuj.D 


1 09^ 
1 -UZj 


AS 


A 1 a A AO 

u. 1 j,u.uy 


A A 7ft 
U.oJ,U. /O 


07 OS 
U.U / ,U.UJ 


AO 
U.4U 


n 7 1 

U.Zl 


S8 
U.Jo 


O OS 
U.Uo 




Tl 00330 44+1 01 Q3(S 8 


816 


76 57 


93 15 


1 46 1 31 


15 11 


0.55 


19 


1 35 


17 






1.050 


1 85 66 


0.39 0.17 


1.71 1.97 


0.24 0.18 


0.94 


0.39 


2.11 


0.26 




T1 1079Q 03+00481 1 9 


740 


41 22 


06 04 


2 89 2 79 


04 09 


0.85 


05 


2 33 


0.04 


21 OO^^-'^^ 


n 1 ^^S7 SS-uS 1 nSzlA Q 
J i 1 J J J / . J J+J iUo'-t^.y 


^ 090 


1 1 ss 
1 . ID, U.JO 


AO 9A 
U.4U,U.Z4 


7 ftS 9 7'? 
Z.DJ,Z. / J 


71 17 
U.Z i ,U. i / 


7S 
U. / J 


7Q 

u.zy 


1 QA 

1 .y4 


O I'X 
U.Zj 




Tl 1 '^S?'^ Q7j.ASni41 


1 1 1 A 
i . i 1*4 


9 91 1 AS 
Z.Z 1 , 1 .'4J 


70 AQ 


J.D / , J. 1 J 


^ft 9ft 
U. jD,U.ZO 


1 I'i 
1 .J J 


10 
U. JU 


7 SA 
J.o4 


O AS 
U.4j 




1190^00 Q(^j-n/^'?A40 S 
J iZUjUU.VD+UOj'+'-tU.o 


8/^9 
U.oOZ 


1 ^A 1 OS 


98 1 Q 
U.Zo,U. iy 


S ftS S OA 


^S 97 
U.J J, U.Z / 


1 0"^ 
J.Uj 


AQ 

u.4y 


7 77 
J. / / 


S'^ 
U.J J 




J iZZi'4-4.0Z-ULfi 141. o 


n Q9Q 


A SO A 7Q 


A 1 fi A 11 
U. 1 o,U. 1 1 


A QQ A G/1 

u.yy,u.o4 


A 1 7 A AQ 

U. 1 j,u.uy 


A 7S 
U. / J 


A 7A 

u.zu 


A 71 
U. / 1 


A 1 S 
U. 1 J 




J iZZ / JO. J JT'-FZ JOJZ.'f 


1 OAS 


^A 17 


10 Oft 

u. iu,u.uo 


1 SS 1 ^7 
i . Jo, 1 . J / 


07 OS 
U.U / ,U.UJ 


9S 
U.ZJ 


n 1 9 

U. IZ 


1 1 A 
1 . 14 


O 07 
U.U / 




J iZ'fOjy.o ItUjUjU / .0 




A QS n Sfi 


A A 1 A 
U. jD,U. iO 


7 07 7 QA 

z.yz,z. oU 


A 1 o ^1 ^ A 
u. iy,u. 14 


1 98 
1 .Zo 


A 77 

u.zz 


7 17 
Z. 1 J 


A 7ft 
U.ZO 




T13nR41 lQ-t-133130 5 


951 


73 70 


96 90 


1 82 1 63 


ISO 13 

VJ. 1 0,\7. i J 


0.73 


20 


1 09 


22 




J132323.78-002155.2 


0.716 


0.95,0.55 


0.10,0.07 


2.16,1.98 


0.11,0.07 


0.97 


0.13 


1.44 


0.13 


20.54tO-/J 


J132346.05-001819.8 


1.087 


1.07,0.54 


0.37,0.38 


4.24,4.06 


0.53,0.40 


2.00 


0.63 


2.98 


0.36 




J140444. 19+55 1636.9 


1.070 


0.94,0.50 


0.36,0.22 


1.96,1.83 


0.26,0.19 


0.68 


0.25 


1.42 


0.23 




J145633.08+544831.6 


0.879 


0.42,0.40 


0.16,0.10 


4.01,3.72 


0.12,0.08 


1.66 


0.19 


3.09 


0.15 




J15 1247.48+573843.4 


1.044 


1.00,0.53 


0.26,0.16 


2.02,2.27 


0.20,0.14 


0.73 


0.38 


1.59 


0.23 




J153503.36+31 1832.4 


0.904 


0.77,0.26 


0.15,0.10 


2.16,1.86 


0.12,0.09 


0.77 


0.16 


0.98 


0.12 




J155529.40+493154.9 


0.893 


0.38,0.18 


0.12,0.07 


2.25,2.06 


0.08,0.06 


0.71 


0.09 


1.53 


0.11 




J160932.95+462613.3 


0.966 


0.75,0.28 


0.28,0.16 


1.01,0.86 


0.15,0.10 


0.52 


0.35 


0.69 


0.16 




J164350.94+253208.8 


0.885 


0.54,0.13 


0.20,0.13 


0.85,0.65 


0.09,0.06 


0.19 


0.08 


0.45 


0.09 




J172739.01+530229.2 


0.945 


0.62,0.61 


0.15,0.12 


2.69,2.56 


0.10,0.07 


0.99 


0.13 


2.23 


0.12 




J173559.95+573105.9 


0.872 


0.80,0.68 


0.18,0.12 


1.98,1.76 


0.12,0.08 


0.83 


0.15 


1.53 


0.16 





Table 5. Companion galaxy surface number densities in the 30 absorber and 
five control fields, as a function of separation from the quasar. Counts for 
galaxies with sC 20 and K ^ 19 are both given. 



Separation Observed Predicted Observed Predicted 
(") Absorbers Controls 



(a) K ^ 20.0 



^1.0 


3 


0.3 




<0.1 


<2.0 


9 


1.1 




0.2 


<3.0 


14 


2.4 




0.4 


<4.0 


18 


4.3 




0.7 


s;5.0 


23 


6.7 




1.1 


s;6.o 


30 


9.6 




1.6 


6.0-12.0 


28 


28.8 


5 


4.8 


(b) K ^ 19.0 










^1.0 


2 


0.1 




<0.1 


^2.0 


6 


0.5 




0.1 


^3.0 


10 


1.0 




0.2 


^4.0 


11 


1.9 




0.3 


^5.0 


11 


2.9 




0.5 


^6.0 


16 


4.2 




0.7 


6.0-12.0 


11 


12.5 


2 


2.1 



mean galaxy-absorber separation of 24kpc for galaxies with 
M = M* , leading to a maximum radius out to which an absorber 
may be detecte4f| of 36 kpc. The inferred filling-factor is thus only 
(11.4/36)^=0.1. 

The large mean projected separations observed also pro- 
vide an explanation for the small contribution of the Ca II ab- 
sorbers to the star formation r ate density at z ~ 1 determined by 
IWild, Hewett, &Pettinj| ( [2007h from [O II] AA3727,3730 emission 
observed in the SDSS spectra. The fraction of the Jf-band luminos- 
ity of the associated galaxies that would fall within the 3'.'0 diam- 
eter of the SDSS spectroscopic fibres is only 30±5 per cent. Thus, 
the star formation associated with the central luminous parts of the 
associated galaxies would have been missed and, assuming the ob- 
served galaxies are directly resp onsible for the absorption, the re- 
sults of Wild. H ewett. & Pettinil (12007') do not constrain directly the 
contribution of Ca II absorber galaxies to the star formation rate of 
the Universe at 2 ~ 1. 



6.2 Comparison with results for other absorber classes 

In this section we compare our imaging results to those for the more 
familiar classes of strong Mg II absorbers and DLAs. 



(Section I5.4.2t using the iKochanek et alj ( 1200 ih GLF down to 
M* + 5 produces a value of a* = 400 kpc'^, equivalent to a 
radius, R* = 11.4 kpc. Our observations produce an observed 



* The mean observed impact parameter is about two-thirds of the maxi- 
mum radius, assuming the absorbers present simple circular cross-sections. 
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6.2.1 Mg II absorbers 

The Mg II equivalent widths of the Ca II absorbers are very large; 
the mean rest-frame Mg II W\27ge of the sample imaged in this 
paper is 2.44 A, with a minimum value of 0.85 A, and 18 of the 
30 systems have equivalent widths greater than 2.0 A (Table 
Where possible, we therefore focus on results for similarly strong 
Mg II absorbers. 

The only published galaxy luminosity function for 
Mg II absorbers is from th e sur vey of 52 absorbers by 
ISteidel, Dickinson. & Pers son (1994), who find that, after 
correcting for an observed dependence of gas cross-section on 
galaxy luminosity (a oc L^ '^), the K-hand luminosity function of 
Mg II absorbers in the redshift range 0.2 ^ g ^ 1.0 is consistent 
with t he z=0 luminosity function of iMobasher. Sharpies. & EllisI 
l ll993l) . This implies a weaker galaxy luminosity-dependence of the 
cross-section than for Ca II absorbers. Several caveats apply to the 
comparison with Steidel et al.'s result. Firstly, the Mg II equivalent 
width distribution of the absorber sample differs considerable 
from ours, with their systems selected to have W\2796 >0.3 A. 
Secondly, a recent reassessment of the identification procedure 
for ho st galaxies in this survey bv IChurchill. Steidel. & KacprzakI 
l l2005h . has revealed a small number of potential systematic biases 
which remain to be investigated. 

Our second comparison is with the r-band imaging of the en- 
vironments of 15 very strong, M^a2 796 ^ 2.7 A, Mg II absorbers 
with redshifts 0.42 < z < 0.84 bv lNestor et"d] ( l2006h . The prin- 
cipal result is the detection, in essentially all cases, of a galaxy, 
which, if physically associated with the absorber, lies projected 
within 40 kpc of the quasar and has luminosity L > 0.3L* . Seven 
of the sample are Ca II absorbers, and six of these possess a galaxy 
within 40 kpc with luminosities 0.31/* ^ L < 2.01/*. Allowing for 
the chance projection of one or two galaxies, the results are entirely 
consistent with the findings presented in this paper. 

The second result of the Nestor et al. study is the detection of 
an excess of apparently bright galaxies, which, if physically asso- 
ciated with the absorber, have projected separations extending to 
~ 150 kpc and extremely high luminosities, 4L* ^ L < 131/*. 
We can perform a similar analysis using our dataset by comparing 
the observed number of galaxies brighter than 4L|f (2) if placed 
at Zabs in each of our Ca II absorber field images (which extend to 
~ 150 kpc from the quasars) to the predictions from the K20-survey 
number-magnitude distribution. Eight field galaxies are predicted, 
whereas we find a total of 11 such galaxies around eight quasars. 
Thus, we find no evidence in our sample for any such excess. Nestor 
et al. discuss an interpretation for the observed excess in terms of 
elevated levels of star-formation in the galaxies. At the rest-frame 
wavelengths of ~4000 A probed by their observations, they are cer- 
tainly far more affected by the presence of ongoing and recent star- 
formation than the ~ 10 000 A wavelengths probed by our if -band 
observations. However, we note that the PhotoZ photometric red- 
shifts from the SDSS DR5 (Adelman-McCarthy et al. 2007) for 
all of their galaxies with L ^ AL* are consistent with their lying 
at considerably lower redshifts than the absorbers, supporting their 
identification as more typical objects at lower redshifto 

Finally, a powerful constraint on the luminosities of galaxies 
associated with Mg II absorbers comes from the stacking anal- 
ysis of SPSS imag es in the regions around Mg II absorbers by 
IZibetti et alj ( I2OO6I) . The mean integrated rest-frame luminosity 

^ Such an interpretation does not explain why such an excess of galaxies 
at redshifts Zg^i << Zabs is observed 



within 100 kpc of their sample of Mg II absorbers with redshifts 
0.76 s; z ^ 1.0 is Mi{z) = -22.4 (AB system). The absolute 
magnitude corresponds to ~M* — 0.5, or M*(z=0). At lower red- 
shifts, where the signal is strong enough for division of the sample, 
fzibetti et al. ( 2006) find only a small difference between the mean 
absolute magnitudes of galaxies associated with all the Mg II ab- 
sorbers and those associated with the strongest absorbers. Assum- 
ing the same holds for the 0.76 ^ 2 ^ 1.0 absorber sample, and 
noting that approximately half the luminosity within 100 kpc lies 
within the smaller aperture of 50 kpc, produces an average absolute 
magnitude of ~A/*(2:=0)+0.75. The 50 kpc aperture corresponds 
closely to the spatial scale of our observed excess of galaxies and 
the average absolute magnitude of galaxies associated with all 30 
Ca II absorbers is ~A/*(2=0)+0.25±0.2. The estimate is insensi- 
tive to whether the galaxies associated with the nine absorbers with- 
out detected galaxies are excluded or included (even assuming de- 
tections at the A"=20.0 limit). The somewhat brighter mean galaxy 
luminosity associated with the Ca II absorbers is consistent with 
the stronger galaxy luminosity-dependence of the cross-section 
(a oc L"'^) compared to that for Mg II absorbers (a oc L" *). 



6.2.2 DLA absorbers 

Notwithstanding recent efforts teao, Tumshek, & Nestoil l2006h . 
the number of known DLA-systems at redshifts z<l, where 
imaging studies of host galaxie s are most effective, is small. 
IChen. Kennicutt. & RauchI ( l2005h provide a summary of relevant 
imaging studies a nd four additional systems have been imaged by 
IChun et ^ ( I2OO6) . Follow-up studies of a small number of the 
galaxies associate d with the DLAs have a lso been undertaken (e.g. 
Chen et al. 2005; lOharanfoli et alj|2007l) . Even from the limited 
statistics available it is clear that the galaxies associated with DLAs 
exhibit an extended range in the distributions of both luminosity 
and impact parameter. Our results for the three confirmed DLAs 
(Table ^ reinforce the conclusion, with one non-detection, one 
luminous galaxy with a small (8 kpc) impact parameter and one 
intermediate luminosity galaxy with a significant (30 kpc) impact 
parameter. The statistics are as yet too poor to allow strong con- 
clusions to be drawn but the observed distribution of luminosity 
and impact parameter for the galaxies associated with the Ca II ab- 
sorbers is consistent with what is known for DLAs. 



7 CONCLUDING REMARKS 

As discussed in Section[T] the nature of quasar absorption line sys- 
tems is still a matter of considerable debate. The Steidel et al. 
(1994) model of Mg II absorbers with H^a2796 > 0.3 A re- 
siding within spherical halos of radius ~40kpc and unity fill- 
ing factor has strongly influenced our picture of quasar absorp- 
tion line systems for the p ast decade. However, alterna tive models 
have been suggested (e.g. ICharlton & Churchil]||l99d) and recent 
imaging results indicate that substantially larger impact parame- 
ters are common and filling factors less than unity are necessary 
jChurchill. Kacprzak. & Steidelll2005l ; IZibetti et al.ll2006l) . 

Theories range from identifying absorption systems with: ex- 
tended disks, large gaseous haloes, outflows from superwinds, or, 
extended debris from mergers/interactions. Although models are 
currently not well advanced, determining the relation between ab- 
sorption line systems (with different metal line and dust properties) 
and the properties of their hosts (impact parameters, luminosity and 
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morphologies), should lead to a better understanding of the origins 
of absorption line systems and their relevance to galaxy evolution. 

In Wild et al. (2006) we found the dust content of Ca II ab- 
sorption line systems to differ from those of Mg II absorption line 
systems in the same redshift range and with the same Fe II and 
Mg II equivalent width properties. More specifically, the Ca II ab- 
sorption line systems have E(B—V) = 0.06 compared to 0.008 for 
the entire Mg II /Fe II selected sample, or 0.02 for the 30 per cent 
with the strongest absorption lines. After correcting for dust obscu- 
ration bias, the distribution of dust contents in the Ca II absorbers 
starts to approach that seen in emission-selected galaxies at simi- 
lar redshifts, a very different story to that seen in DLAs. Without 
A'^(H I) measures it is difficult to place constraints on their abso- 
lute metallicities, however, their dust-to-metals ratio similar to that 
found in the Milky Way suggests a high degree of chemical en- 
richment. To summarise, the absorption properties of the Ca II ab- 
sorbers point strongly towards them tracing dense, metal and dust 
rich gaseous clouds. The number densities of Ca II absorbers, after 
correcting for dust obscuration bias, is ~30per cent that of DLAs 
at similar redshifts and a plausible scenario was that, while DLAs 
could be found out to extended radii from the center of galaxies, 
Ca II absorbers traced the innermost, star-forming, disks. 

In Wild et al. (2007) we showed that the average star forma- 
tion within l'.'5-radii of strong Ca II absorbers is four times that 
associated with strong Mg II absorbers. However, if it is assumed 
that the Ca II absorbers surround galaxies with close to unit filling 
factor, the galaxies responsible for Ca II absorption only account 
for ~3 per cent of the observed global star formatior[f[ 

The results of the present paper reveal a very different pic- 
ture for the nature of the Ca II absorber hosts. We find there is 
a very strong bias towards selecting luminous galaxies, and the 
Ca II absorbing clouds are found out to large physical distances 
from these luminous galaxies. Our observations provide an expla- 
nation for the low measured in situ star formation rate within l'.'5 
(<10kpc) of the Ca II absorbers measured by Wild et al. (2007). 
However, the origin of high column density, dusty, chemically en- 
riched gas clouds at up to 50 kpc from luminous galaxies remains 
unclear. There are several competing theories and further observa- 
tions are required to discriminate between the models. 

• Given the observed bias of our sample towards bright galaxies, 
a possible explanation is that the Ca II absorbers lie within extended 
gaseous d isks such as those being discovered with the GALEX 
satellite ( Thil ker et al J l2005h . These ultraviolet-bright disks are 
found to coincide with neutral hydrogen structures, in which dust- 
to-gas ratios as high as the central regions of the galaxy are found 
(^Popescu & Tuffsl l 200 3^■ in apparent agreement with the relatively 
high dust contents of the Ca II absorbers. 

• Possibly, the true absorber hosts are dwarf galaxies, associ- 
ated, through spatial clustering, with the larger galaxies seen in 
the A"-band images. Within the Local Group, the LMC and SMC 
lie at ~50 and 60 kpc from the Milky Way, and while more than 
half of the MW s atellites lie within 50 kp c, none contain significant 
quantities of gas teelokurov et alj|2007h. A similar d istribution of 
satellites is seen for M31 iMcConn achie & Irwin P2006). Outside of 
our immediate neighbourhood, Zari tskv et al.l (l993) find on aver- 
age less than 1.5 satellite^ within 500 kpc of local spiral galaxies. 
Although the picture may be very different at z ~ 1, the 10 per 

^ Modest corrections to obtain the true star formation rate due to extinction 
by dust may be appropriate. 

Satellites were defined as objects 2.2 mag fainter than the primary galaxy; 



cent covering factor for Ca II absorption derived in the present pa- 
per currently makes this scenario seem unlikely. High resolution 
ultraviolet, or possibly Ha, imaging (for example with the Hubble 
Space Telescope) would reveal the existence of compact regions of 
star formation close to the absorber, such as seen in the LMC, and 
distinguish between an origin for the absorbers in the form of an ex- 
tended disk associated with the luminous galaxies or from discrete 
dwarf galaxies. 

• Perhaps Ca II absorbers are the relics of outflows from pre- 
vious episodes of intense star formation in the luminous galaxies, 
but it is not clear how dense clouds would survive the ~10*yr to 
reach such distances at typical starburst outflow speeds without be- 
ing dispersed and the dust grains destroyed. Ca II is regularly de- 
tected in local High and Intermediate Velocity Clouds (HVCs and 
IVCs), potential candidates for such outflow relics from the Milky 
Way. However, none are found to have Ca II column densities ap- 
proaching 1.7 X 10^^ to 1.3 X lO^^cm"^ as seen in our systems 
(Wakker 200ll: lThom et al. 2006) (although this may simply reflect 
lower Hydrogen column densities of the clouds). High-resolution 
imaging and spectroscopy of the galaxies could indicate the like- 
lihood of such a scenario by measuring the relative angle of the 
major axis of the galaxy to the absorber and determining the recent 
star formation history of the galaxies. 

• Finally, within standard galaxy evolution scenarios, tidal de- 
bris from cannibalism of small galaxies by larger galaxies is ex- 
pected to fill a much greater volume around galaxies at z^l than 
around galaxies today. In the local Universe, the SDSS has had a 
large impact on the detection of tidal streams around the Milky 
Way. Such streams cover hundreds of square degrees on the sky 
and lie at s everal tens of kpcs from the center of the Milky Way 
dlbata et al J 1997; Yannv et al. 2003; Belokurov et"ai] [2006). Simi- 
larly to HVCs, the H I column densities of the streams tend to be 
lower than the DLA limit of 3 x 10^'^ : mean colum ns in the Mag- 
ellanic Stream are of order 4 x 10^* to 4 x lO" jPutman et all 
l2003ifl . Ca II has been observed in absorption in the Magellanic 
Bridge, but again with much lower column densities than found in 
our high redshift Ca II absorbers l lSmoker et alJ i2005). Perhaps, a 
better local comparison might be with the M81 group, in which a 
complex filamentary structure of high column density neutral Hy- 
drogen tails appear to have been caused by the interaction between 
M81 a nd two neighbourin g galaxies ( Yun, Ho, & Lo 1994). NGC 
5291 teoguien et al.ll2007h is another example of a system where 
significant columns of gas and associated star formation extend 
over large regions surrounding prominent galaxies. 

The high equivalent width Ca II absorption systems that com- 
prise our sample are extremely rare in the local Universe but an 
understanding of the origins of the few that do exist may reveal the 
physical mechanism responsible for strong Ca II absorption. Spec- 
troscopy of a small number of luminous galaxies associated with 
low-redshift Ca II absorbers has been undertaken by Zych et al. 
(2007). The galaxies, predominantly spirals, possess high metallic- 
ities and exhibit substantial star formation rates. Further progress 
with such investigations would greatly aid in our interpretation of 
results at higher redshift. 



most detected satellites were found to be 2.2 to 6 magnitudes fainter than 
the primary. 

* The resolution of these measurements is 15.5 arcmins. 
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APPENDIX A: NOTES ON INDIVIDUAL OBJECTS 

The general discussion in Section [33] and the image-subtractions 
shown in Pig. 1 summarises the status of the subtractions for the 
majority of objects. However, in a small number of cases, some 
specific comments are warranted: 

SDSS J085556.63+383232.7 (zabs=0.S52; Z5„a^ar=2.065): the 
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low surface brightness structure to the north-west of the quasar 
does not reproduce consistently when using different PSF-stars in 
the subtractions. 

SDSS J093738.04+562838.8 (z„f„=0.980; Zg^asar=^■^9S)■. the 
faint apparent 'donut' residual does reproduce when different PSF- 
stars are used. However, the residual is slightly off-centre from the 
quasar image and extensive interactive scaling of the PSF-stars fails 
to produce a convincing galaxy-like image. The quasar redshift is 
high, making the identification of a host galaxy as the origin of 
the residual unlikely but it is possible that a galaxy with a small 
galaxy-quasar separation, A6 < 0'.'3, is present. 

SDSS J105930.50-I-120532.8 (zab.=l.050; Zguasar=l.570): the 
subtraction shown employs a rather faint PSF-star from the quasar 
image itself. The noise level is thus enhanced but there is no sys- 
tematic flux excess above the the K = 20.0 detection threshold for 
the galaxy catalogue. PSF-stars from the library of PSF-stars con- 
firm the lack of any extended residual but at the expense of more 
prominent 'cloverleaf ' residuals on small scales. 

SDSS J110729.03-H004811.2 («a6s=0.740; Zquasar=i ■391): the 
subtraction shown employs a PSF derived from seven relatively 
faint stars in the frame. The noise level in the subtracted frame is en- 
hanced but the SEXTRACTOR image analysis of the PSF-subtracted 
frame results in no object brighter than K = 20.3 being detected. 
Individual PSF stars from the PSF-library result in small-scale 'but- 
terfly' residuals but provide no evidence for the presence of any 
galaxy image with K < 20.5 

SDSS J122756.35-I-425632.4 (Zab,=1.045; Zguasar=l-310): the 
faint apparent residual approximately O'.'S to the south does not re- 
produce well when different PSF-stars are used. 
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